Magneto-optical cerium-substituted yttrium iron garnet (Ce:YIG) thin films display Faraday and Kerr rotation (rotation of light polarisation upon transmission and reflection, respectively) as well as a nonreciprocal phase shift due to their non-zero off-diagonal permittivity tensor elements, and also possess low optical absorption in the near-infrared. These properties make Ce:YIG useful in providing nonreciprocal light propagation in integrated photonic circuits, which is essential for accomplishing energy-efficient photonic computation and data transport architectures. In this study, 80 nmthick Ce:YIG films were grown on Gadolinium Gallium Garnet substrates with (100), (110) and (111) orientations using pulsed laser deposition. The films had bulk-like structural and magnetic quality. Faraday and Kerr spectroscopies along with spectroscopic ellipsometry were used to deduce the complete permittivity tensor of the films in the ultraviolet, visible and near-infrared spectral region, and the magneto-optical figure of merit as a function of wavelength was determined. The samples showed the highest IR Faraday rotation reported for thin films of Ce:YIG, which indicates the importance of this material in development of nonreciprocal photonic devices.
Materials and photonic device engineering over the past decade have made major strides towards assembling a monolithically-integrated optical signal processor by developing integrated Group IV lasers 1 , photodetectors 2 , filters and resonators 3 , and modulators 4 . Developing these systems using Group IV materials enables integration on an inexpensive silicon platform using well-established and compatible silicon device processing techniques. One of the major requirements in completing a fully-integrated optical signal processor is integrating an optical isolator on-chip with the other photonic components in order to establish signal stability 5 and to avoid back-reflection of optical and near-infrared pulses from other components of the circuit into the gain region of the laser. Optical isolators include a magneto-optical (MO) material layer which breaks time-reversal symmetry and enables nonreciprocal photonic transmission (i.e. one way transmission of light). The most commonly used MO layers for optical isolators are cerium-or bismuth-substituted yttrium iron garnet (Ce:YIG or Bi:YIG, (Ce or Bi) x Y 3-x Fe 5 O 12 ) which have high MO figure of merit (°dB −1 ), which is defined as Faraday rotation, in units of °cm −1 , divided by optical loss, in dB cm −1 . These materials have high optical transmission as well as strong Faraday rotation in the IR 5, 6 . A major roadblock for completing a fully-integrated optical signal processor has been the processing of MO garnet films which is necessary to integrate optical isolators onto photonic circuits based on Si or other substrates. Garnet films have large lattice parameters and large thermal expansion mismatch with typical photonic substrates such as Si, GaAs, or InP 6 . Good quality films have been made by controlling the deposition and annealing processes and by using seed layers [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , enabling demonstrations of nonreciprocal photonic devices such as isolators and modulators [24] [25] [26] [27] [28] [29] [30] [31] [32] .
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To guide the design of photonic devices operating at different wavelengths, including atomic clocks, inertial sensors, optical phased arrays, or quantum computation systems in addition to optical isolators, modulators and and circulators, and to enable comparisons between materials and processing techniques, it is important to determine the best achievable optical and magnetooptical properties across a wide spectral range, i.e. to determine the full permittivity tensor as a function of wavelength, especially in the visible and near-infrared and for films with well characterized bulk-like structure and magnetic properties. Here, we present the complete optical characterization of thin CeYIG films Ce:YIG (Ce 1 Y 2 Fe 5 O 12 ) films grown on gadolinium gallium garnet (Gd 3 Ga 5 O 12 , GGG) substrates over visible and near infrared bands. Among commercially available substrates, GGG (a = 12.376 Å) was preferred because it has a lattice parameter close to that of Ce:YIG (a = 12.57 Å) 33 . Most of the previous reports of Ce:YIG films include figure of merit measurement results only for a single wavelength or for a few sample wavelengths within a photonic band [5] [6] [7] [8] 16, 19, [21] [22] [23] [24] [25] [26] [27] [28] [29] . Gomi et al. 34 presented wavelength-dependent Faraday rotation and optical absorption for 1 eV to 2.6 eV photon energy (λ = 480-1240 nm) but this publication did not include data for the near-infrared communication wavelengths. Despite the interest in using garnet films for nonreciprocal photonic devices, to the best of our knowledge, there is no comprehensive report of the optical properties and magneto-optical figure of merit of Ce:YIG as a function of wavelength. The knowledge of these variables, which are captured in the diagonal and off-diagonal elements of the permittivity tensor, is necessary to design and optimize devices such as integrated magneto-optical isolators.
In the following paragraphs, first, the growth of the films is described. Next; structural, magnetic hysteresis and magnetic anisotropy of Ce:YIG films on GGG (100), (110) and (111) orientations are presented. Finally, the spectral dependence of the complete permittivity tensor of Ce:YIG is presented for the energy range 0.7-6 eV. The permittivity tensor of a magnetic material in a magnetic field perpendicular to its film surface can be written in the form (with restriction to linear magneto-optical effects) where ε 1 and ε 2 are complex numbers with real and imaginary parts describing the optical and magneto-optical response of the material. This tensor form can be used for a theoretical description of both Faraday and polar Kerr magneto-optical effects since the magnetization is oriented in the same direction.
Ce:YIG film growth on GGG substrates. Ce:YIG films were grown on GGG (100), (110) and (111) double-side polished substrates by pulsed laser deposition (PLD) using a 248 nm wavelength KrF excimer laser (Coherent, COMPex Pro 205). Ce:YIG oxide targets were fabricated as described previously 7 . Deposition parameters, base pressure, oxygen pressure during growth, deposition and cooling rates are presented in the methods section. Ce:YIG films of 80 nm thicknesses (measured by X-ray reflectivity (XRR) and validated by spectroscopic ellipsometry) were deposited with a laser pulse rate of 10 Hz at 615 °C substrate temperature. Ce:YIG was deposited simultaneously on all three substrate orientations. Peak-to-valley surface roughness of the Ce:YIG films was within 1 nm. Control of oxygen pressure and substrate temperature can preserve the stoichiometry and prevent the formation of secondary phases such as ceria, as previously discussed 6 . After the deposition process, no further thermal annealing step was carried out.
Results and Discussion
Structural and magnetic characterization of Ce:YIG films. The crystalline phase content of the films was characterized using XRD and a silicon zero-background holder. Ce:YIG and GGG lattice parameters are close and hence the Ce:YIG and GGG peaks were separated by 0.2-0.5°. The thickness of the films was determined to be 80 nm by XRR measurements. The ω-2θ plots, shown in Supplementary Fig. S1 (a), were measured for an 80 nm thickness Ce:YIG on GGG (100) and a GGG (100) substrate with no film. The plot shows clearly the (400) peak originating from the film; other peaks are from the substrate. Supplementary Fig. S1(b,c) show corresponding data from films on (110) and (111) substrates, respectively. The patterns in Supplementary Fig. S1 (c) are similar to the garnet film pattern on GGG (111) reported previously 36 . There are no detectable secondary phases. Magnetic properties of Ce:YIG films were measured with magnetic fields applied parallel to the film plane (in-plane configuration, IP) or perpendicular to the film plane (OP) at room temperature (RT) using a vibrating sample magnetometer (VSM). IP magnetization hysteresis loops for the three films are shown in Fig. 1(a) and OP loops are shown in Fig. 1(b) . The saturation magnetization was M s = 150 ± 15 emu cm −3 , consistent with previous reports 6, 22 . Noise and drift in the measurements are due to the high paramagnetic background signal of GGG, especially during high field measurements (|H applied | > 6000 Oe). This does not, however, affect the magneto-optical measurements.
All of the films had their easy axes in-plane regardless of the substrate type. From Fig. 1(b) , the hard axis saturation field was lowest at ~2 kOe for the (111) film, ~5 kOe for the (110) film, and ~8 kOe for the (100) film. Shape anisotropy (K s = 4π M s ), magnetocrystalline and magnetoelastic anisotropy contribute to the total anisotropy of the films. The magnetoelastic anisotropy arises from the lattice distortion (c/a ratio ~1.015 for the (100) sample, with the film in in-plane compression) due to epitaxial growth. The differences in hard-axis saturation field originate from the angular dependence of magnetocrystalline and magnetoelastic anisotropy. The anisotropy contributions in Ce:YIG films are described in greater detail elsewhere 33 . A more detailed description of the substrate orientation and angular dependence of the anisotropy of IP magnetic hysteresis loops are presented in the Supplementary Fig. S2 . Wavelength and substrate orientation-dependent optical characterization of Ce:YIG films. First, the electronic band gap and optical transmission of the films and uncoated substrates are shown in Fig. 2 . GGG has a band edge at λ g = 232 nm (E g,GGG = 5.344 eV) for all substrate orientations. GGG also has a band tail that extends from 5.344 eV to 1.653 eV, with sharp absorption peaks at E = 4.504 eV, 4.035 eV, 3.972 eV due to intrinsic electronic transitions in the GGG lattice. 4.504 eV (36324 cm −1 ), 4.035 eV (32514.5 cm −1 ) and 3.972 eV (31928.5 cm −1 ) transitions belong to the 4 f transitions of Gd 3+ ions from the 8 S ground state to 6 I, 6 P 5/2 and 6 P 7/2 , respectively 37, 38 . These energy transitions originate from spin-orbit and crystal field splitting. The transmission spectra for 80 nm-thick films shown in Fig. 2 (a) indicates that Ce:YIG has an indirect band-gap similar to GGG, but with a stronger absorption tail reaching into the visible. There is also a weak but non-zero refractive index difference between the substrates with different orientations.
The spectral dependence of ε 1 for all samples is shown in Fig. 2 (b). This dependence is similar to that of YIG single crystals and thin films [39] [40] [41] [42] . The main difference is in the energy region between 1 and 2 eV, where the absorption peak centered near 1.4 eV is visible in the spectra of the imaginary part of ε 1 . This absorption arises from the intra-ionic electrical dipole transitions of the Ce 3+ ions and is also observable in the transmission spectra in Fig. 2(a) . The fitted film thicknesses were in a good agreement with the results of XRR. The slight difference (up to 5 nm) can be attributed to the surface roughness, which has a different influence on X-ray and optical measurements.
Complex Faraday magneto-optical spectra and hysteresis loops were obtained from a spectrometer based on the azimuth modulation technique (rotating polarizer). Faraday loops at wavelengths 780 nm and 1550 nm are displayed in Fig. 3 . The loops are consistent with VSM measurements shown in Fig. 1(b) , with anisotropy fields of around H K = 8 kOe, 5 kOe and 2 kOe for (100), (110) and (111) GGG substrates respectively. The anisotropy field for the (111) sample is close to that expected from shape anisotropy (compare 1780 Oe for YIG 43 ), but higher anisotropy fields for films on (100) and (110) GGG substrates suggest the influence of magnetocrystalline (for (110)) or magnetoelastic anisotropies for those orientations.
The Faraday rotation was substantial, especially considering the small film thickness. 47 gave a FR of 13,000° cm −1 at 1150 nm for x = 1 in a sputtered 1 μm thick film, though the absorption was not measured.
The Faraday rotation and magnetic circular dichroism (MCD) are shown in Fig. 4 . A similar spectral dependence was reported on micrometer-thick Ce:YIG layers with high Ce 3+ content [46] [47] [48] . The spectra exhibit clearly visible spectroscopic structure situated near 1.4 eV similarly to the optical transmission and ellipsometric results. This comes from the 4f-5d transition in Ce 3+ ions 49, 50 . The Ce 3+ (4f)-Fe 3+ (tetrahedral) electric dipole transition between 1-2 eV is considered to be the origin of the enhancement in the near-infrared (i.e. λ = 1550 nm) magneto-optical effect in Ce:YIG compared to YIG 5, 34 . Other spectroscopic structures in the Faraday spectra are located near 3.1 and 3.9 eV originating from Fe 3+ crystal-field transitions already well described in the literature 51 . The amplitudes of the Faraday effect in Fig. 4 clearly show (consistently with hysteresis loops measurements) the Ce:YIG film on (111) GGG substrate to be of the highest quality among the three samples. Magneto-optical Kerr spectroscopy was performed using a general magneto-optical ellipsometer with rotating analyser in a polar configuration at nearly normal incidence at room temperature. The magnetic field of 10 kOe was sufficient to magnetically saturate all the samples. Experimental polar Kerr spectra of the samples are displayed in Fig. 4(b) . The spectra are dominated by strong magneto-optical response in the energy region below 2 eV. At this energy range the penetration depth in Ce:YIG exceeds the layer thickness, which results in propagation of light across the film and a double-Faraday effect contribution to the polar Kerr spectra. Although the Ce:YIG layers grown on (110) and (111) GGG substrates exhibit similar spectral behaviour, the Ce:YIG layer grown on (100) GGG substrate shows notable differences above 3 eV. At this spectral region the thickness exceeds the penetration depth of the material. Therefore, this difference, which is not visible in Faraday spectra in Fig. 4 , should be related to the surface of the sample. This points to a damaged non-magnetic surface layer, which was probably formed when the sample was bonded for mechanical roughening of the backside of the substrate, which was required to carry out the MOKE measurements. AFM measurements confirmed a notable increase of the surface roughness with a peak to valley height of 18 nm. Effects of magnetically disordered surface layers have been reported in Bi:YIG thin polycrystalline films 52 and YIG nanoparticles 53 . A 4 × 4 matrix formalism for description of light propagation in anisotropic multilayers 35 was employed to derive the off-diagonal elements of the permittivity tensor, ε 2 , of the Ce:YIG films from the Faraday spectra. To validate the correctness of this derivation, polar Kerr effect spectra were calculated using the derived permittivity tensor. The comparison of the experimental data with theoretically calculated Kerr spectra for a Ce:YIG layer on (111) GGG substrate is displayed in Fig. 5 . The nominal model structure of an 80 nm thick Ce:YIG layer on an infinite (111) GGG substrate described the experimental data reasonably in the IR region, however a notable difference was observed above 3 eV. Since in the spectral region above 3 eV, the polar Kerr effect carries information about the surface, a revised model structure considering a 15 nm thick surface layer, with gradually increasing magneto-optical response from 0 to 100% of Ce:YIG, and a 65 nm homogeneous Ce:YIG layer was considered to calculate the theoretical spectra of the polar Kerr effect. The result is shown in Fig. 5(a) and the profile of the magneto-optical response across the surface layer is shown in Fig. 5(b) . An excellent agreement between the calculation and experimental data was achieved for the revised model structure. Similar results were obtained for the other samples, however the thickness of surface layer was estimated to be 35 and 15 nm for Ce:YIG layers on (100) and (110) GGG substrates. This is consistent with the lower amplitude of Faraday rotation in saturation in the (100) sample. These surface layer thicknesses agree well with AFM peak to valley heights resulting from the film damage during bonding.
Spectrally dependent off-diagonal permittivity elements, ε 2 , derived from Faraday spectra are displayed in Fig. 6(a) . Since the Faraday rotation spectra were measured on as-deposited samples (without any back-surface roughening) and back-calculated polar Kerr spectra agree well with experimental results if the surface layer model structure was considered, the spectra of ε 2 shown in Fig. 6 (a) represent data from Ce:YIG without any non-magnetic phase or surface layer. The magneto-optical response in Ce:YIG is dominated by one spectroscopic structure near 1.4 eV and multiple structures above 2.6 eV. The low energy response with a paramagnetic shape is related to an intra-ionic electrical dipole transition of Ce 3+ as already mentioned above. On the other hand at energies above 3 eV the magneto-optical properties of Ce:YIG are mainly driven by charge transfer transitions involving Fe 3+ ions 51 . To evaluate the performance of Ce:YIG in a nonreciprocal photonic device, knowledge of the exact value of absorption is necessary to calculate the figure of merit. At the main wavelength of interest, λ = 1550 nm (E = 0.8 eV), the absorption coefficient of the samples was very small. At such low values the fitting of pure ellipsometric experimental data is not effective and other complementary experiments are necessary 54 to obtain reasonably accurate results. Therefore, additional transmission experiments in IR region using a highly precise Thermo Nicolet Nexus FTIR spectrometer were carried out on all samples. The IR transmission data were fitted using the results of spectroscopic ellipsometry. The refractive index was taken from ellipsometric experiments as input for the fitting procedure, as well as the thickness of the Ce:YIG layer. The optical dependence of the extinction coefficient, k, was then parameterized using Cauchy relations.
The resulting spectral dependences of k for all samples are shown in Fig. 6(b) and spectral dependences of ε 1 are included in Fig. 2(b) . The Ce:YIG film on GGG (100) shows a notable difference in the spectral dependence of extinction coefficient compared to films on GGG (110) and (111) substrates. The optical transmission of the Ce:YIG film on GGG does not depend only on the absorption coefficient of the film and substrate. Since it is an example of a thin layer between two media, multiple reflections in the Ce:YIG film considerably influence the total optical transmission of the sample. These reflections are driven by the ratio of refractive indices of Ce:YIG and GGG. From Fig. 2(a) and our ellipsometric measurements we have found that the optical properties of GGG slightly differ according to the GGG orientation. Moreover, the optical properties of GGG with the same crystallographic orientation differ for different substrate suppliers, which might be the consequence of different polishing methods. It is therefore possible that the actual optical properties in the IR region of the (100) GGG substrate with Ce:YIG film slightly differ from the optical properties of the bare substrate, which were used for theoretical modelling. This may have caused the higher absorption in the case of Ce:YIG on (100) GGG, which would otherwise be attributed to the optical effects at Ce:YIG layer/GGG substrate interface. To obtain information about such low absorption coefficients, other experimental techniques, such as photothermal deflection spectroscopy 55 , may give values with higher accuracy than standard spectrophotometric experimental techniques.
The spectral dependences of the absorption coefficient and the magneto-optical figure of merit were calculated and are displayed in Fig. 7(a,b) . The spectra exhibit a low absorption coefficient in the IR region leading to high values of the figure of merit at communication wavelengths around 1550 nm. Figures of merit were 31 and 943° dB −1 at E = 0.8 eV for Ce:YIG layers on (110) and (111) GGG substrates respectively. The one order difference in these values can be explained with the help of Figs 6(b) and 7(b). A visible shift of approx. 0.1 eV in the absorption to the higher energy side can be observed for the Ce:YIG film on (111) GGG. Since the wavelength of 1550 nm is in the vicinity of the absorption edge where the absorption is changing rapidly with the energy, even a small shift of this edge can result in a noticeable change in the IR absorption. Such change may be caused by the influence of the substrate orientation on the intra-ionic electrical dipole transitions of the Ce 3+ or a slight variation in Ce 3+ composition between the samples. The results can be compared to a previous study indicating that single-crystalline CeYIG thin films have 340° dB −1 (TE mode) and 540° dB −1 (TM mode) figure of merit for Ce:YIG on Gd 3 Sc 2 Ga 3 O 12 substrates using a slab waveguide loss measurement technique which contains contributions from the substrate 23 . From Fig. 7 it also follows that for the same deposition conditions the growth of Ce:YIG on GGG substrates leads to the best quality when the (111) substrate orientation is used. It is important to note that the values of figure of merit were calculated considering the total thickness of 80 nm. Table 1 shows a comparison of MO figure of merit for Ce:YIG films and bulk crystals, magnetic ion-doped perovskites and Group III-V films demonstrated previously 5, 7, 16, 23, 25, 44, 45, [56] [57] [58] [59] [60] .
Conclusion
Epitaxial films of Ce:YIG (Ce 1 Y 2 Fe 5 O 12 ) 80 nm thick were grown on (100), (110) and (111) GGG substrates. The films showed no evidence of non-garnet phases and a magnetization close to bulk. A complete optical and magneto-optical characterization in the spectral energy range from 0.7 to 6 eV was performed for different substrate orientations. The spectral dependence of the complete permittivity tensor of Ce:YIG was deduced from experimental data using theoretical modelling. The knowledge of this tensor is crucial for the design of novel devices for integrated photonics for communications as well as a host of other applications in the visible and near-IR. The high Faraday rotation and the low absorption in the IR region resulted in high values of figure of merit for parts of the spectral range, indicating the high quality of the CeYIG films, especially when the (111) GGG substrate was used, and confirms their suitability for applications in magneto-optical isolators and other devices, particularly around 1 eV and 1.6 eV. These results provide guidelines for the utility of Ce:YIG films in integrated photonic devices.
Methods
Ce:YIG film growth on GGG substrates. GGG (100), (110) and (111) double-side polished substrates (supplier: MTI Crystals) were cleaned using sonication in acetone and isopropanol for 10 minutes each. Ce:YIG films were grown by pulsed laser deposition (PLD) using a 248 nm wavelength KrF excimer laser (Coherent, COMPex Pro 205). Ce:YIG oxide targets were fabricated as described previously 7 . During PLD, the base pressure and oxygen pressure used for Ce:YIG growth were 5 × 10 −6 Torr and 5 mTorr, respectively. Ce:YIG films of 80 nm thicknesses (measured by X-ray reflectivity (XRR) and validated by spectroscopic ellipsometry) were deposited with a laser pulse rate of 10 Hz at 615 °C substrate temperature, with a deposition rate of 18 Å min −1
. Ce:YIG was deposited simultaneously on all three substrate orientations. The cooling rate of the chamber after deposition was 10 °C min . Peak-to-valley surface roughness of Ce:YIG films was within 1 nm. Control of oxygen pressure and substrate temperature can preserve the stoichiometry and prevent the formation of secondary phases such as ceria, as previously discussed 6 . After the deposition of films, no further rapid thermal anneal step was necessary.
Magnetic hysteresis loop measurements using vibrating sample magnetometer (VSM).
Magnetic hysteresis loops of the Ce:YIG films were measured for in-plane and out-of-plane configurations at room temperature (RT). 40 magnetic moment measurements were acquired and averaged for each data point in the VSM hysteresis loops. Since the GGG substrate contribution interferes with the measurement at high field ranges (|H applied | > 6000 Oe) and since the films saturate below 4000 Oe, the hysteresis loops within ± 4000 Oe were shown.
Optical characterization of the films. Spectroscopic ellipsometry experiments were performed on Woollam VASE and RC2 ellipsometers at various incident angles in the photon energy range from 0.7 to 6 eV. Together with ellipsometry spectra, spectra of optical transmittance and reflectance were also recorded with the same instruments and all data were numerically treated simultaneously to ensure determination of reliable results. In the case of ellipsometry measurements carried out in reflection mode the backside of the GGG substrate was mechanically roughened to suppress spurious reflections from this interface. The measurement of depolarisation confirmed the suppression of these reflections, as the depolarisation was negligible in the entire spectral range. The sample model designed for optical spectra evaluation of Ce:YIG films consisted of a homogenous single layer on a GGG substrate. Slight surface roughness of the layers was also accounted for by the effective medium approximation. Optical properties of GGG were determined from measurements performed on uncoated substrates. The model dielectric function ε 1 of the Ce:YIG layer was parameterized by a summation of 10 Lorentz oscillators to cover most of the spectral features presented in the experimental data.
